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INTRODUCTION 50
There is a growing body of data linking primary sensory cortices to multisensory processing 51 (Driver and Noesselt, 2008; Ghazanfar and Schroeder, 2006; Schroeder and Foxe, 2005; Stein 52 and Stanford, 2008) . The primary visual cortex (V1) receives abundant multimodal projections 53 from other sensory cortical areas (Charbonneau et al., 2012; Falchier et al., 2002; Kim et al., 54 2015; Masse et al., 2016; Rockland and Ojima, 2003; Stehberg et al., 2014; Van Brussel et al., 55 2011) . EEG recordings and functional imaging studies show that V1 is subject to cross-modal 56 influences of its neural activity at the level of aggregate neural ensembles (De Meo et al., 2015; 57 Murray et al., 2015) . Similar effects are observed in blind and sighted subjects (Amedi et al., 58 2010; Merabet and Pascual-Leone, 2010; Sathian, 2005) suggesting a role for this activity in 59 normal sensory function. 60
61
In vivo physiological studies in monkeys and rodents also indicate influences of cross-modal 62 stimuli on the activity of individual V1 neurons. Cross-modal stimulation can produce 63 subthreshold inputs and modulate neuronal outputs (Bieler et al., 2017; Ibrahim et al., 2016 ; 64
Consistency of Activity Across Trials 194
Transient onsets were consistently aligned to the stimuli across trials ( Fig s.e.m., p < 5.6e-8, paired sign test) (n = 25/390 cells). In presence of the barrier, EV position 207 was close to that observed on the blank belt (dF/F 0 : p < 0.1, EV position: p < 0.42; paired sign 208 test) (Fig. 1F, 2B ) and that of the unresponsive population (Suppl. Fig. S5A ). Amongst neurons 209 activated by tactile stimuli, EV position was similar in 'naïve' animals never exposed to a belt 210 with stimuli and previously-exposed animals (Fig. 2E) . 211
212

Tactile Stimuli Activate a Distinct Neural Population 213
Do tactile activated neurons form a functionally distinct population? To determine whether 214 neurons activated by tactile stimuli respond to visual stimulation and vice versa, we measured 215 responses to tactile or visual stimuli from the same neural population (Fig. 3; Suppl. Figs S5, 216 S2C) . For tactile stimulation, repeated strips of material were placed at two locations on the 217 treadmill belt. For visual stimulation, a brief, 1-sec visual stimulus was presented in lockstep 218 with locomotion as the animal ran across either of two treadmill locations. The responses to the 219 visual stimuli were assessed by comparing average calcium activities in 0.5-sec and 1.5-sec 220 windows before and after stimulus onsets. Responses to the tactile stimuli were assessed as 221 described above. Neurons were deemed responsive if activity was increased at either one of the 222 two stimulus locations (1-way ANOVA, p < 0.01). We found no evidence of bimodal activation in the populations of layer 2/3 neurons we 225 examined ( Fig. 3A ; Suppl. Fig. S5C -G) (n = 7 animals). Neurons activated by the tactile stimuli 226 (n = 51/716 cells) showed no noticeable responses to the visual stimulus (Fig. 3A, cells 1,2 ; 227 Suppl. Fig. S5F,G) . Conversely, the neurons that showed activation by the visual stimulus (n = 228 97/716 cells) showed no responses to the tactile stimuli (Fig. 3A, cells 3,4 ; Suppl. Fig. S5F,G) . 229
The lack of bimodal activation is likely not a consequence of the neurons' low probability of 230 activation. Assuming independent sampling, taking the number of responsive cells and sample 231 size into account, the mean number of bimodal neurons expected is 6.9 ± 2.6 (mean ± s.d.) and 232 the probability of no activation is less than one in one thousand (p < 9.6e-4). The lack of 233 bimodal activation is likely not a consequence of the specific visual stimulus tested. Similar 234 results were obtained in a separate group of mice using prolonged visual stimuli that covered a 235 broad range of spatiotemporal frequencies and orientations (Suppl. Fig. S6 ) (n = 3 animals). 236
Tactile neurons showed no activation to the broad range of visual stimuli (Suppl. Fig. S6B,D) , 237
providing further evidence of their functional distinct properties. 238
239
V1 Activity on the Treadmill with Diverse Stimuli 240
Cross-modal tactile activity could either be indiscriminate or tuned to specific tactile inputs 241 encoding specific information about the stimuli in the tactile environment. To distinguish 242 between these possibilities, we examined, in a separate group of animals (n = 4 mice), activity 243 of layer 2/3 neurons while animals ran in a feature-rich tactile environment composed of strips of 244 material of different heights and orientations placed at distinct treadmill locations ( Fig. 4A ; 245 Suppl. Fig. S2D ; see Experimental Procedures, Experiment 3). The 1-sec visual stimulus was 246 presented as the animal ran across four distinct locations on the treadmill. No visual stimulus 247 was presented during stationary epochs. To cast a wide net for cells that encode tactile 248 information, we selected cells that showed repeated position-related activity patterns across 249 trials (EV position > 10 %, two-fold cross-validation, see Experimental Procedures) (Fig. 4C ) 250 excluding cells that showed responses to the visual stimulus (EV visual stim. ≤ 0 %, two-fold 251 cross-validation) (Figs 1-3 ). There was a general association between tactile stimuli on the belt 252 and the number of V1 neurons that met these criteria (Fig. 4H) . We therefore henceforth refer to 253 these neurons as 'tactile' or 'putative tactile'. 254
To study the diversity of V1 tactile activity, we examined the calcium time courses of a total of 256 1,878 V1 layer 2/3 neurons (n = 4 animals) on the treadmill with diverse stimuli. We followed 257 through on the 1,345 cells that showed calcium transients in over 25 % of laps (transients larger 258 than baseline raw dF/F 0 + 3-times s.d.) excluding the remainder from further analysis. To 259 examine the tuning of the activity, calcium time courses were deconvolved and expressed as a 260 function of treadmill location, divided in 1-cm intervals. 261
262
About a quarter of active neurons (n = 353/1,345 cells) showed position-related responses (Fig.  263 4C, blue traces; EV position > 10 %, EV visual stim. ≤ 0 %, Fig. 4D ,E) consistent with the 264 activity of tactile neurons (Figs 1-3 ). This fraction of cells was on par with the fraction of cells 265 entrained by the visual stimulus presented simultaneously as the animal ran on the treadmill 266 with diverse stimuli (28 %, n = 378/1,345 cells, including responses locked to visual stimulus 267 onset and offset) (Fig. 4B , red traces; EV visual stim. > 10 %) (Suppl. Fig. S7B,C) . However, the 268 fraction was two to several-fold larger than the fraction observed on treadmills with fewer tactile 269 stimuli including the treadmill devoid of purposefully salient stimuli (Fig. 4H ). These putative 270 tactile neurons showed robust activity showing calcium transients of similar amplitudes as 271 visually-responsive cells (tactile dF/F 0 : 71.9 ± 61.4 %, visual dF/F 0 : 69.8 ± 59.9.0 %, mean ± 272 s.d.; transients larger than 3-times s.d. above baseline dF/F 0 ). The neurons showed similar 273 activity levels during locomotion and stationary epochs (Fig. 4G ). However, they were more 274 active during stationary epochs than the visually-responsive cells (Fig. 4F , compare with Fig.  275 4G, no visual stimuli were presented during stationary epochs), 276
277
Far from indiscriminate, however, tactile activity was diversely tuned, with different neurons 278
showing activity at specific locations in the tactile environment. Simultaneously imaged neurons 279 showed distinct activity time courses (Fig. 4C , blue traces) and position-related activity patterns 280 (Fig. 5A,B) . Within a same imaging experiment, patterns with sharp and narrow-peak tuning to 281 different locations were observed simultaneously with patterns showing more gradual activity 282 changes with belt location. The patterns were repeatable. The average position-related activity 283 across laps explained up to 50% of the variance in the single-trial data (EV position: 15.7 ± 10.9 284 %, mean ± s.d., two-fold cross-validation) (n = 353/1,345 cells) (Fig. 4E) . The cross-correlation 285 of activity across laps often showed a narrow peak of a few centimetres in width (8.2 ± 2.9 cm, 286
half-width at half-maximum, mean ± s.d.) (Fig. 5C) . Across the population, nonvisual neurons 287 showed location selectivity and position preferences that were distributed over the length of the 288 treadmill belt (Fig. 5D) . 289
290
While correlated with location, the activity of V1 tactile neurons did not bear the features of a 291 place code (Suppl. Fig. S8 ). The activity of individual neurons showed considerable redundancy 292 in time and space (Suppl. Fig. S8A,B) . This high redundancy differs markedly from the sparse 293 activity of hippocampal CA1 neurons measured during the same task (n = 3 animals) (Mao et 294 al., 2017) (Suppl. Fig. S8C,D) . During locomotion on the treadmill with diverse stimuli, 295 hippocampal place cells showed low probability of activation (Suppl. Fig. S8C ), sequential 296 activation during movement (Suppl. Fig. S8C ), and spatially-localized firing fields uniformly 297 distributed over the treadmill (Suppl. Fig. S8D ). 298
299
By comparison, V1 neurons showing tactile-like activity responded at multiple locations (Suppl. 300 Fig. S8A ,B) and showed no indication of sequential activation of V1 neurons during movement 301 (Suppl. Fig. S8A ). Furthermore, while robust hippocampal place cell activity was observed in 302 absence of tactile stimuli (Suppl. Fig. S8E ), the V1 neurons showed little spatial modulations of 303 their activity on treadmills devoid of tactile stimuli (Fig. 4H ). These properties are consistent with 304 V1 neurons activity encoding low-level sensory features of the tactile environment. Figs 4,5). To study modulations across layers of V1, we complemented the layer 2/3 cellular 317 imaging data (n = 4 + 3 mice) with acute single-unit electrophysiological recordings with 318 multisite silicon probes in the same task (n = 5 animals). 319
Concomitant to the pronounced nonvisual activity ( Figs 4C , 5B,C), V1 neurons showed marked 320 trial-to-trial variability of visual responses during locomotion on the treadmill with diverse stimuli 321 (Fig. 4B ). In the cellular imaging data, variability was often not shared between simultaneously 322 imaged neurons (Fig. 4B) . In both cellular imaging data and acute recordings, variability was 323 often linked to the location of visual stimulus onset ( Fig. 6A ; Suppl. Fig. S9A ). To quantify these 324 modulations, we sorted responses by treadmill location of stimulus onsets and averaged them 325 across trials ( Fig. 6A ; Suppl. Fig. S9A ). We focused on the three locations away from the reward 326 site which had comparable pupil size, movement speed and eye position ( To directly test the role of tactile stimuli on the belt, we imaged, in a separate group of animals 364 (n = 3 mice), location modulation of visual responses in consecutive blocks of trials in presence 365 of the barrier preventing access of the whiskers to tactile stimuli. Neurons showed weaker 366 modulations in the presence of the barrier, with a mean modulation index of 19.1 ± 2.1 % (mean 367 ± s.e.m., barrier placed, n = 83 cells) and 35.6 ± 4.6 % (mean ± s.e.m., barrier absent, p < 9.0e-368 4, 1-way ANOVA) and mean effect size of 1.5 ± 0.14 (mean ± s.e.m., barrier placed) and 2.3 ± 369 0.15 (barrier absent, p < 3.0e-4) (Fig. 6F) . We used a head-fixed active whisking and locomotion assay with controlled sensory stimuli to 377 study contextual modulations by tactile inputs in the mouse primary visual cortex during 378 behaviour. We found that during locomotion and exploration mouse V1 neurons encode rich 379 information about tactile environment, encoding somatosensory inputs from the whiskers and 380 partaking in visuo-tactile integration. These results indicate that mouse V1 encodes functionally 381 diverse cross-modal signals during real-world behaviour. 382
We observed activation of mouse V1 layer 2/3 neurons by tactile stimuli (Figs 1-5) as well as 384 modulations of visual responses by tactile context (Fig. 6) . The tactile activity resembled the 385 responses of neurons in the S1 barrel field of the somatosensory cortex (Suppl. Fig. S3 ), was 386 observed both in darkness and under photopic illumination, and was disrupted by a barrier 387 placed between the whiskers and the stimuli (Figs 1,2) . Interestingly, the activity was carried by 388 a cell population that show little responses to visual stimuli (Figs 3,4 ; Suppl. These studies used single or a few stimuli and could not address the degree to which V1 401 neurons encode diverse information about the cross-sensory modality. One study in freely 402 moving rats (Vasconcelos et al., 2011) showed, in darkness, V1 activity linked to location and 403 objects as well as modulations correlated with tactile discrimination behaviour. This study, 404 however, could not distinguish between sensory or motor influences on V1 activity and did not 405 investigate the tuning of individual V1 neurons. 406 407 A number of factors might have contributed to our observation of neuronal activation in 408 response to tactile stimuli. First and foremost is the cellular imaging which has high yield and 409 sensitivity and allows investigation of sparse firing patterns that could easily be overlooked with 410 electrical recordings techniques. Our findings could be also influenced by the elevated 411 excitability of V1 neurons during treadmill locomotion, which is associated with elevated arousal. 412
However, a study in head-fixed mice reported similar subthreshold cross-modal responses to 413 auditory stimulation during anaesthesia, wakefulness and movement (Iurilli et al., 2012) . 414 Accordingly, we observed similar levels of activity in tactile V1 neurons during locomotion and 415 stationary epochs (Fig. 4G) . A third factor could be the active whisking paradigm. 416
Somatosensory responses in S1 during active whisking are stronger and longer lasting than 417 during passive stimulation (Krupa et al., 2004) . with diverse stimuli. This activity differs strikingly from the sparse and spatially localized activity 433 we observed in hippocampus (Suppl. Fig. S8C,D) and in retrosplenial cortex (Mao et al., 2017 ) 434 during the same task. We speculate that the diversity of the activity (Figs 4,5) reflects distinct 435 whiskers brushing different tactile stimuli. Our experiments, however, do not rule out a 436 contribution of stereotyped whisking patterns in generating the activity. Importantly, we note that 437 position-related patterns provide only a lower bound on diversity and ignore the rich temporal 438 dynamics of tactile activity (Suppl. Fig. S4) . Understanding the precise whisker movements and 439 touch patterns that lead to V1 tactile responses requires future investigation. 440
441
Origins of V1 Tactile Signals 442
The anatomical origins of V1 tactile signals are unknown. The activity could originate in long-443 range cortical inputs from S1 barrel field (Charbonneau et al., 2012; Kim et al., 2015; Masse et 444 al., 2016; Stehberg et al., 2014; Van Brussel et al., 2011) There is a striking parallel between our results and the cross-modal plasticity that occurs in V1 452 following the loss of visual inputs (Amedi et al., 2010; Klinge et al., 2010; Lee and Whitt, 2015; 453 Merabet et al., 2007; Sathian, 2005) . Human neuroimaging studies have shown V1 activation in 454 blind subjects during braille reading and other tactile paradigms (Merabet et al., 2007; Sadato et 455 al., 1996) . Cross-modal activity in V1 is also observed after short-term visual deprivation and is 456 causally linked to tactile behaviour (Merabet et al., 2008; Merabet et al., 2007) . In rodents, 457 recovery of activity from loss of visual inputs depends on the inputs from the whiskers (Newton 458 et al., 2002; Van Brussel et al., 2011) . Following loss of visual inputs, the tactile activity we 459 observe in intact animals may be amplified, which could explain the whisker-dependent, 460
progressive recovery of activity in V1 that is observed weeks after removal of visual inputs. 
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EXPERIMENTAL PROCEDURES 767 768
Animals 769
All animal procedures were approved by the Animal Ethics Committee of KU Leuven. We report 770 on twenty-three normally-reared, single-housed male mice. Of these, nineteen were C57Bl/6j 771 mice (22 to 30 gr, 2 to 5 months) and four were Thy1-GCaMP6 mice ((Dana et al., 2014) . Mice 772 were implanted with a head plate and trained to move on a linear, 150-cm treadmill belt for a 773 periodic water reward (Royer et al., 2012) . Eighteen mice were implanted with a cranial window 774 for chronic cellular imaging (Goldey et al., 2014) in monocular V1 (n = 14), in CA1 pyramidal 775 layer in dorsal hippocampus (n = 3 Thy1), or in S1 barrel cortex (n = 1 Thy1). Five mice were 776 craniotomised for acute electrophysiological recordings with multi-site silicon probes. 777
778
Surgical Procedures 779
Mice were injected with dexamethasone (3.2 mg/kg I.M., 4 h before surgery), anesthetised with 780 isoflurane (induced 3 %, 0.8 L/min O 2 ; sustained 1-1.5 %, 0.5 L/min O 2 ), and implanted with a 781 titanium head plate. 782
For cellular imaging in V1 and S1, mice were craniotomised and implanted with a 5-mm cranial 783 glass window centred over left visual cortex (1.6 mm anterior to lambda, 3.1 mm lateral to 784 midline). Head plate and cranial windows were affixed with dental cement (Metabond, Crown & 785 Bridge and Kerr Tab, Kerr Dental) mixed with black tempera pigment to provide light shielding 786 during fluorescence imaging. 787
For cellular imaging in CA1, mice were craniotomised (2 mm anterior to lambda, 1.8 mm lateral 788 to midline). A 3-mm-diameter slab of visual cortex above CA1 was ablated manually under 789 visual guidance until cortical white matter was exposed. Mice were implanted with a 3-mm 790 cranial window holding a 1.5-mm long glass tube, following surgical procedures as described. 791
For acute recordings, a 1-mm craniotomy was made above V1 (3.8 mm posterior to bregma, 2.5 792 mm lateral to midline). Two stainless steel screws used as reference and ground electrodes 793 were implanted above cerebellum. Craniotomies were covered with a cover glass and protected 794 with fast-curing silicone (Kwik-Cast, WPI). 795
All mice received post-operative treatment for 60 hours (buprenorphine 0.2 mg/kg I.M. and 796 cefazolin 15 mg/kg I.M. in 12-hour intervals) and were given five days to recover. 797
